Molecular oxygen (O 2 ) is the second most abundant gas in the Earth's atmosphere, but in many natural environments, its concentration is reduced to low or even undetectable levels. Although low-oxygen-adapted organisms define the ecology of low-oxygen environments, their capabilities are not fully known. These capabilities also provide a framework for reconstructing a critical period in the history of life, because low, but not negligible, atmospheric oxygen levels could have persisted before the "Great Oxidation" of the Earth's surface about 2.3 to 2.4 billion years ago. Here, we show that Escherichia coli K-12, chosen for its well-understood biochemistry, rapid growth rate, and low-oxygen-affinity terminal oxidase, grows at oxygen levels of ≤3 nM, two to three orders of magnitude lower than previously observed for aerobes. Our study expands both the environmental range and temporal history of aerobic organisms.
Molecular oxygen (O 2 ) is the second most abundant gas in the Earth's atmosphere, but in many natural environments, its concentration is reduced to low or even undetectable levels. Although low-oxygen-adapted organisms define the ecology of low-oxygen environments, their capabilities are not fully known. These capabilities also provide a framework for reconstructing a critical period in the history of life, because low, but not negligible, atmospheric oxygen levels could have persisted before the "Great Oxidation" of the Earth's surface about 2.3 to 2.4 billion years ago. Here, we show that Escherichia coli K-12, chosen for its well-understood biochemistry, rapid growth rate, and low-oxygen-affinity terminal oxidase, grows at oxygen levels of ≤3 nM, two to three orders of magnitude lower than previously observed for aerobes. Our study expands both the environmental range and temporal history of aerobic organisms.
aerobic respiration | microbial growth | precambrian | nanaerobe | evolution I n discussions of the history of life, aerobic respiration is often assumed to have been an unviable means of energy production until oxygen levels exceeded the "Pasteur Point" (1-3). The Pasteur Point is the partial pressure of oxygen (in equilibrium with a solution) at which facultative aerobic organisms switch to anaerobic metabolisms. It varies from organism to organism, but a value of approximately 0.01 (1%) of the present atmospheric oxygen level (PAL) is typical for modern prokaryotes and single-celled eukaryotes (4) . Seawater in equilibrium with this level of atmospheric oxygen at 25°C has a dissolved oxygen concentration of 2.2 μM, which is comparable to the K m values (Michaelis-Menten constants*) for oxygen utilization for many aerobic bacteria isolated from marine environments (5) . It is known, however, that some aerobes can utilize much lower oxygen concentrations than those corresponding to the Pasteur Point. For example, a K m value as low as 31 nM has been measured for the facultative aerobe Aerobacter aerogenes (6) . Additionally, oxygen concentrations down to 3 nM have been measured in soybean nodules supporting aerobic respiration (7) , and the corresponding K m values for oxygen respiration of bacteria populating these nodules are in the 5-to 8-nM range (8) . Likewise, K m values for the high-oxygen-affinity cytochrome bd oxidase for Escherichia coli have been measured as low as 3-8 nM, in contrast to the lower affinity E. coli cytochrome bo oxidase, which has a K m of about 200 nM (9) . Despite these determinations of low-oxygen utilization by some microbes, growth data are sparse, and we are unaware of any direct experimental demonstrations of microbial growth based on aerobic respiration at oxygen levels less than 230 nM (10) . We emphasize the importance of growth, because to thrive in an environment an organism must grow and reproduce. Microbes can often metabolize and respire under environmental conditions that do not allow for growth such as temperature extremes or limited substrate availability (11) .
Understanding the oxygen limits of aerobic microbial growth is relevant to discussions of the microbial ecology of both modern and ancient Earth systems. On the modern Earth, low-oxygen niches exist at all transitions from oxic to anoxic environments, as found, for example, in marine and freshwater sediments (12) , many soils, and in the oxygen minimum zones (OMZs) of the global ocean (13) . In the late Archean Eon (from about 2.7-2.5 billion years ago, Ga), prior to the pervasive oxygenation of the Earth's atmosphere at 2.3 to 2.4 Ga (14), elevated oxygen concentrations apparently existed locally and/or for short durations (15) (16) (17) (18) . However, atmospheric oxidant models, including those explaining the "mass-independent" fractionation of sulfur isotopes prior to 2.3 to 2.4 Ga, restrict average oxygen levels in the atmosphere to a maximum of ∼10 −5 of the present level (19, 20) , corresponding to a concentration of about 2.2 nM in coexisting surface waters. An unresolved question is whether such oxygen levels were sufficient to support the growth of aerobic communities. Using the Pasteur Point of most modern aerobic organisms as a reference point would lead one to conclude "no", but biomarkers preserved in late Archean (2.67 Ga) rocks suggest the presence of aerobic communities (21) .
The motivation for this study is to explore whether the conventional view about the limits of aerobic growth is correct and to place quantitative limits on the lower oxygen requirements for aerobic respiration in both the past and present. To achieve this, we monitored growth of E. coli K-12 at low (nanomolar) oxygen concentrations made possible by evolving oxygen sensor technology (13) . We demonstrate that aerobic growth is not constrained by the typical Pasteur Point (i.e., to > ∼ 0.01 PAL) and that aerobic growth is viable at oxygen concentrations ≤3 nM (∼10 −5 PAL), at least two orders lower than previously reported.
Results and Discussion
Growth Under Oxygen-Limiting Conditions. A typical experiment is shown in Fig. 1A . Here, we monitored oxygen concentration and growth for 30 h. After the initial oxygen manipulations during the first 6 h, we established the final desired fixed pump rate of 36 mL h −1 corresponding to an oxygen flux of 11.5AE 0.3 μmol L −1 h −1 (Fig. S1 ). After about 20 h, oxygen concentrations reached the detection limit of the sensor (3 nM), yet growth continued to the end of the experiment 10 h later. Similarly, in a 50-h experiment with a 35-min ramp-up phase (Fig. 1B) and at a slower pump rate of 12 mL h −1 (corresponding to an oxygen flux of 5. Fig. S1 ), oxygen concentrations decreased to the detection limit of the sensor after about 12 h. Still, growth continued for an additional 38 h (when the experiment was terminated) at oxygen concentrations at or below the detection limit of our sensors. The authors declare no conflict of interest .
*The Michaelis-Menten constant, K m , is the substrate concentration at which an enzyme or a cell's overall respiration rate operates at half its maximum rate. In each of our experiments, the growth rate (G, in units of Δcells mL −1 h −1 ) was constant for a given oxygen flux (or pump rate) for periods up to 49 h, despite the fact that oxygen levels decreased over this time period to below the detection limit of the sensor (e.g., Fig. 1B) . A constant growth rate is expected when a limiting nutrient or metabolite is provided at a constant rate (22) , which in this case was oxygen. When comparing between experiments, G was proportional to the oxygen flux into the reactor (R 2 ¼ 0.96) ( Fig. 2A) , providing additional evidence for the control of oxygen on growth. From the data in Fig. 2 , we also found a consistent growth yield between experiments of 0.51AE 0.06 mol of cell carbon produced per mole of O 2 respired. This value compares favorably with previous experiments of aerobic growth of E. coli on glycerol (23) (see SI Text for calculations).
By contrast, the specific rate of growth, μðh −1 Þ, decreased during the course of an experiment and in relation to lower oxygen concentrations (Fig. 2B) . The specific growth rate is defined as ln 2∕ðρ∕GÞ, where G is growth rate (defined above), and ρ is the cellular density (cells mL −1 ); μ is related to cell doubling time, t D , by t D ¼ ln 2∕μ. The lower the specific growth rate, the longer the doubling time and the slower the growth by the organism. Under conditions of oxygen limitation, μ should depend on the concentration of oxygen in the media (22) . This dependence is expected because under oxygen-limited conditions the flux of oxygen into the cell is driven by the diffusion gradient of oxygen into the cell. The flux of oxygen into a cell and subsequent specific rates of growth should, therefore, decrease with decreasing oxygen concentration. Likewise, under oxygen-limiting conditions, the oxygen concentration in the media decreases as the population grows. Because oxygen is removed by diffusion into cells, more cells means more surface area to diffuse across, and lower oxygen concentrations provide the same oxygen removal flux (balancing the constant input rate) across the increased surface area. (22) expresses a common relationship between μ and substrate (in our case oxygen) concentration. In this equation, μ max expresses the maximum specific growth rate, and a value of 0. A terminal pump rate of 36 mL h −1 was used corresponding to an oxygen input rate into the reactor of 11.5 μmol L −1 h −1 . During the first 6 h of incubation, the pump rate was incrementally increased from zero to 36 mL h −1 in an effort to maintain oxygen concentrations at a steady value. Instead, they fluctuated between 100 and 200 nM during this time. (B) A terminal pump rate of 12 mL h −1 was used, corresponding to an oxygen flux into the reactor of 5.5 μmol L −1 h −1 . The pump rate was brought to its terminal value after 35 min. In this particular experiment, external electrical noise produced random fluctuations in the oxygen signal. These random peaks do not reflect actual oxygen concentrations, but rather experimental noise. Oxygen concentrations are given by the open symbols "o," with uncertainties given by the error bars (see SI Text for error explanation). Cell numbers are given in the closed symbols "•." The minimum absorbance that could be measured by the spectrophotometer used was 0.001 (corresponding to 3.47 × 10 5 cells mL −1 . A value of 3.47 × 10 8 cells mL −1 per unit absorbance was calculated with a standard error of 8.96 × 10 6 cells mL −1 per unit absorbance (i.e., a standard error of 2.5%). The error bars for the cells mL −1 are given as 5%, i.e., 2 standard errors.
values, and we obtained a best-fit K s value of 121 AE 20 nM O 2 (Fig. 2B) . The error represents the standard deviation around the best-fit slope of predicted vs. measured values (Fig. 2B) . To our knowledge, this is the lowest K s ever recorded for aerobic growth.
As described above, during aerobic respiration, oxygen is used to fuel cell growth and also for cell maintenance requirements. Maintenance energy refers the energy expended for all cellular processes that do not contribute to growth including cell repair. Typically, as μ decreases, maintenance energy becomes proportionally more important resulting in a decrease in growth yield (23) . Indeed, cell maintenance requirements could put lower limits on rates of cell growth. Maintenance energy requirements could have played a role in our experiments, where values of μ were as low as 0.01 h −1 (reached at the end of the experiment depicted in Fig. 1B ). Yet despite these low values of μ, growth yields remained constant both within (as observed by constant growth) and among the different experiments ( Fig. 2A) , providing no indication of an increasing significance of maintenance requirements as specific rates of growth decreased.
Exploring the Lower Limits of Oxygen on Growth. Our results demonstrate aerobic growth by E. coli at oxygen concentrations of ≤3.0 nM. However, the lower oxygen limit for aerobic growth
undetectable using our STOX (Switchable Trace OXygen) sensors. As E. coli appears capable of growing at oxygen concentrations lower than the detection limit of the STOX sensor, we will explore the lower limits for growth by modeling the fluxes of oxygen across a cell membrane. As mentioned above, when oxygen is limiting, μ is limited by the diffusional flux of oxygen across the cell membrane, which depends on oxygen concentration. With this in mind, we can model how oxygen concentration limits μ for different-sized organisms. For a spherical cell, the flux of oxygen to the cell is given by (24) :
where Flux is the flux of oxygen into the cell, D is the diffusion coefficient for oxygen, r is the cell radius, C ∞ is the oxygen concentration in the bulk media, and C cell is the oxygen concentration at the outer cell surface. At 37°C (the temperature of our experiments) and in fresh water, D is 3 × 10 −5 cm 2 s −1 (25) . We assume that cells have the same carbon content per volume as typical E. coli (1.85 × 10 −14 mol C μm −3 ; see SI Text), that they produce cell carbon with a growth yield of 0.5 mol C∕mol O 2 respired (see above), and that they double when they have accumulated twice their normal cell C content. With these values and assumptions, we can reproduce our observed specific growth rates of E. coli at low O 2 if we further assume that C cell ¼ 1∕2C ∞ (Fig. 3) .
With these values, we calculate the oxygen levels that produce doubling times of 30 and 15 d for a variety of different cell sizes (Table 1) . We chose these doubling times because in Earthsurface environments, organisms must be able to respond to changing temperatures, moisture, and energy supply, which are dynamic on time scales of days to months. Such doubling times are also typical for prokaryotes in surface marine sediments and in the marine water column (26, 27) . Model results show that for a 1-μm cell, an oxygen concentration of 0.2 nM would be sufficient to allow a doubling time of 30 d, and for a cell as small as 0.5 μm [which is small for a prokaryote cell (11)], 0.050 nM O 2 would suffice (Table 1) . We conclude that for organisms growing with doubling times of 30 d, 0.050 nM oxygen would appear adequate to fuel an aerobic ecosystem. Slower growing or smaller organisms could, in principle, grow on even lower oxygen concentrations than this. A key point is that although we have observed aerobic growth at orders of magnitude lower oxygen concentrations than might have been expected based on the Pasteur Point argument or has been previously observed, our results make sense based on simple, plausible models. Growth Rate (cells mL Low-Oxygen Metabolism in Other Prokaryotes. The low-oxygen metabolism in E. coli is made possible by the high oxygen affinity of the cytochrome bd oxidase (9), which is expressed when oxygen levels fall below about 10% of air saturation (28) . This highaffinity oxidase is well distributed among prokaryotes (29, 30) , including cyanobacteria, many aerobes, some presumably "strict" anaerobes (e.g., Methanosarcina barkeri, Desulfovibrio vulgaris, and others), and also Bacteroides fragilis, which has been termed a "nanaerobe" (29) . Nanaerobes can live as strict anaerobes, cannot grow in the presence of micromolar levels of oxygen, but can metabolize at submicromolar oxygen levels; however, the extent to which oxygen fuels the growth of these organisms is unknown. Another high-affinity oxidase, the cbb3-type cytochrome oxidase, was first found in the respiratory chain of the soybean root nodule bacterium Bradyrhizobium jaonicum (31) but is also widely distributed among the Bacteria (30). Although our results apply to only one organism, from the wide distribution of low-affinity oxidase enzymes in nature, we infer that the ability to metabolize and, in particular, to grow at nanomolar (and perhaps lower) concentrations of oxygen is potentially common in nature.
Geobiological Implications. Low-oxygen environments are found at the oxic-anoxic interface of aquatic sediments (11) , in many soils, in stratified lakes and marine basins (11, 32) , and in OMZs of the global ocean (33) . Our results place quantitative constraints on where in these environments aerobic metabolisms could be supported. This issue is of particular importance in some low-oxygen environments such as OMZs, where oxygen can be reduced to submicromolar (and perhaps even nanomolar or lower) concentrations (13) . OMZs are found in upwelling regions, such as those of the Eastern Tropical Pacific, the Benguela upwelling current, and the Arabian Sea, and such regions are expected to expand as a result of global warming (34) . With a single exception (13) , the oxygen concentrations in these regions are not known to concentrations better than about 1-2 μM (35), but with our current results, the extent of possible aerobic metabolisms can be mapped onto measurements of high-resolution oxygen distributions as made possible with the STOX sensors used here. Our results also clearly show that aerobic metabolisms are probable in the Bay of Bengal, another OMZ where oxygen concentrations reach values as low as ∼2 μM (36) . Such oxygen levels have typically been viewed as supporting so-called "suboxic" metabolisms such as nitrate, manganese, and iron reduction (37) , with an uncertain role for aerobic processes. Our results demonstrate that aerobic metabolisms can operate under these conditions and possibly overlap with some of these suboxic anaerobic metabolisms. It will be important to establish the balance between aerobic and anaerobic metabolisms in modern, natural environments with micromolar to subnanomolar oxygen concentrations.
The balance between aerobic and anaerobic metabolisms at low-oxygen is especially important because some anaerobic metabolisms such as denitrification can also occur in the presence of oxygen (38) . Combined with in situ studies of denitrification rates in oxygen gradients, our results will help provide an understanding of the cooccurrence and competition between aerobic and anaerobic processes in nature. The nature of the coupling between aerobic and anaerobic metabolisms in nanomolar oxygen concentrations is virtually unknown and deserves further research.
Low-oxygen conditions are especially important in discussions of early life on Earth. Atmospheric oxygen levels are modeled to have been ≤10 −5 PAL (19) before about 2.3 to 2.4 Ga, which corresponds to about 2.2 nM dissolved oxygen when saturated with seawater at 25°C. We have demonstrated growth to nearly this oxygen concentration (3 nM, the detection limit of our STOX sensor) and modeled it to much lower concentrations (equivalent to about 2 × 10 −7 PAL). As such, 10 −5 PAL should support the growth of E. coli and potentially other aerobic microbes with similar high-affinity cytochromes. Therefore, environmental conditions may have allowed for aerobic metabolism well before the large rise in atmospheric oxygen 2.3 to 2.4 Ga (39, 40) . This is different from many models of Earth history that require oxygen concentrations in the atmosphere to have been at least 10 −2 PAL (i.e., based on the Pasteur Point argument) before aerobic organisms could begin using oxygen for respiration (1-3) but is consistent with the geologic record, where biomarkers preserved in rocks as old as 2.67 Ga suggest the presence of eukaryotes, cyanobacteria, and oxygen-utilizing heterotrophs and autotrophs (21) . This is fully 300 million years before the accepted widespread oxidation of the atmosphere. The calibration of geochemical proxies can be imprecise, but we suggest that an aerobic biosphere could have been active from at least 2.67 Ga and onward at lower levels of oxygen than inferred by occasional late Archean "whiffs" of elevated oxygen concentrations (15, 17, 18, 41) .
We have demonstrated that an active and growing aerobic biosphere could have been maintained with oxygen concentrations at least down to about 10 −5 PAL, and perhaps as low as 2 × 10 −7 PAL. Low-oxygen concentrations in the 10 −7 to 10 −5 PAL range would have been rapidly depleted in metabolically active areas, and a challenge to the aerobic biosphere may have been access to sufficient oxygen for respiration. One could, however, imagine aerobic communities preferentially populating a thin veneer in soils over the land surface, being supplied by low levels of atmospheric oxygen. Aerobic populations might also have been found in aquatic environments in close association with oxygenproducing microbial mats and stromatolites and in the upper photic zone where cyanobacteria were active.
One might envision that aerobic metabolisms began with the evolution of oxygen-producing cyanobacteria, providing a source of oxygen for aerobic respiration. If so, the combined elemental and isotopic evidence for oxygen whiffs and eukaryotic and cyanobacterial biomarkers (see above) place the evolution of aerobic metabolism before about 2.7 Ga (though see ref. 42 for a different view). Independent of these geological arguments, the history of oxidase enzymes places other constraints on the origins of aerobiosis (30, 43, 44) . Although there is active debate on the phylogenetic history of oxidase enzymes, recent models (30, 43, 44) support an ancient origin, even before the evolution of oxygen-producing cyanobacteria (45) . Without a cyanobacterial source, oxygen could have come from abiotic sources, such as the rainout and disproportionation (by catalase enzymes) of atmospherically produced H 2 O 2 at the Earth's surface. This process could have supported elevated oxygen concentrations in local environments before the evolution of cyanobacteria (46, 47) . Our results do not prove that aerobic pathways predated cyanobacterial evolution, but they allow further development of such a hypothesis. They also provide support for an aerobic biosphere after cyanobacterial evolution-but long before the general oxidation of the Earth's atmosphere some 2.3 to 2.4 Ga. 
Conclusions
Our experiments demonstrate that aerobic respiration is coupled to growth at oxygen levels over two orders of magnitude lower than previously demonstrated. We believe that this result encourages a reevaluation of the distribution of low-oxygen adapted organisms in modern ecosystems and offers tantalizing quantitative constraints on the potential distributions and activities of aerobes on both the modern and ancient Earth as a function of available oxygen. We also provide a potential explanation for observations that suggest that aerobic respiration evolved before the rise of oxygen ∼2.3-2.4 Ga and to the hypothesis that aerobic metabolic pathways may have evolved even before the evolution of cyanobacteria. We also demonstrate that the conventional view of the history of aerobic respiration through the lens of the Pasteur Point is not only incorrect, but incorrect by at least three orders of magnitude.
Materials and Methods
Thus far, demonstrations of aerobic respiration at low nanomolar oxygen concentrations have been based on the absorption spectrum associated with variable oxygenation of root nodule leghaemoglobin (7). We used instead the recently developed polarographic STOX sensors, which are stable and precise down to oxygen concentrations of ≤3 nM (13) and are easily adapted to growth experiments. We studied E. coli K-12 [strain Sø8HLT (48) ] because of its well-characterized metabolic system, rapid doubling times, and because it possesses both high-and low-affinity cytochrome oxidases (9) . E. coli is a facultative aerobe that would normally switch to anaerobic metabolisms at 0.005-0.02 PAL (1-4 μM O 2 in solution) (49) . To ensure aerobic growth by E. coli, we used glycerol as a carbon source, which is generally considered unfermentable (50) . Although recent studies have demonstrated glycerol fermentation by E. coli, including K-12 (51), this growth was only with the addition of tryptone or proteinogenic amino acids (51), which were not included in our media. Furthermore, control experiments without oxygen addition yielded no growth of E. coli in the presence of glycerol (Fig. S2) , consistent with the absence of this metabolic pathway in our experiments. We conducted growth experiments on E. coli K-12 at constant oxygen fluxes into our reactor system, making continuous measurements of oxygen concentrations down to the detection limit of the STOX sensor. We sampled the media at intervals (generally 1 h) to measure the number of cells per unit volume from which we determined growth rates. Our experiments were performed in an all-glass, well-mixed, thermostated reactor sealed with a butyl rubber stopper. Oxygen was supplied diffusively from air-saturated water pumped at controlled rates through silicone tubing looping through the reactor. Details of the experimental setup (Fig. S3) , the media used, and other aspects of the experimental protocols are found in SI Text). Growth was measured by removing aliquots from the reactor, measuring the absorbance at a wavelength of 450 nm, and converting to cell numbers based on a working curve of cell concentrations determined by direct cell counts vs. absorbance.
Through a series of preliminary growth experiments and negative controls, we demonstrated that growth did not occur without a flux of oxygen into the reactor (Figs. S2 and S4 ). Several lines of evidence support this: (i) when a degassed reactor inoculated with E. coli in the growth medium was not exposed to oxygen, no growth occurred (see SI Text for details; Fig. S2); (ii) when the flux of oxygen into the reactor was stopped, measurable growth stopped immediately (Fig. S4) ; and (iii) as demonstrated below, growth rates are linearly correlated with oxygen flux and have an intercept through the origin within error. Based on these observations, we conclude that growth in our experiments was due to aerobic respiration, and we rule out anaerobic respiration as a measurable source of growth. We also explored and subsequently rejected the hypothesis that our results were strongly influenced by biofilm growth on the silicone tubing transporting oxygen into the reactor or by unobserved high-oxygen microniches (see SI Text).
In a typical experiment, we inoculated E. coli into our reactor containing 1-2 μM oxygen (degassed previously with nitrogen; SI Text). This oxygen was drawn down within 1.5 h to nanomolar concentrations and represents the initial decline of oxygen in an experiment (Fig. S4) . We then began to circulate oxygenated water through the silicone tubing providing a flux of oxygen to the culture. In some experiments, we attempted to regulate oxygen to a steady concentration by increasing the pumping rate (and thus oxygen flux into the reactor) in concert with the growing E. coli population (Fig. S4 ). This regulation proved to be difficult, and our most useful results came from establishing a set pump rate, and hence a set oxygen flux into the reactor (Fig. S1) . Results from two of these constant-flux experiments are shown in Fig. 1 , and all calculations are done using data collected during times of constant oxygen flux into the reactors. Therefore, all growth rate calculations were performed on data generated after the final, constant pump rate was reached. At the oxygen levels of our experiment, the residence time (mass O 2 in reactor/flux rate) for oxygen within the reactor was short, from less than 1 to 30 s, depending on pump rate and O 2 concentration.
